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(54) A fibre optic interferometric strain gauge assembly 



(57) A fibre optic interferometric strain gauge as- 
sembly includes a sensor element (1) in the form of a 
length of single mode optical fibre whose ends (1a) and 
(1b) have a peak reflectivity not exceeding 10%. This 
reflectivity is provided either by semi-transparent coat- 
ings on the fibre ends or by the establishment of Bragg 
gratings within the fibre length. A laser source (2) pro- 
vides a beam which is coupled into the element (1 ) as 



one arm of an interferometer. The light reflected in the 
interferometer whose intensity varies depending upon 
the degree of strain applied to the element (1 ) is detect- 
ed and separated out into samples corresponding to the 
frequency of the laser source and to twice the frequency 
of the laser source with the two values being processed 
to provide both the magnitude of strain and the direction 
of strain in the element (1). 
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Description 



This invention relates to a fibre optic interferometric 
strain gauge assembly suitable particularly, but not ex- 
clusively, for testing structures and for fatigue monitor- 
ing systems in aircraft. 

Conventional electrical strain gauges require a rel- 
atively large number of electrical lead outs which in- 
creases the weight and expense. Additionally such con- 
ventional electrical strain gauges are subject to electro- 
magnetic noise which can give rise to false or distorted 
readings. This makes such conventional gauges rela- 
tively unsatisfactory for use on aircraft either as the ret- 
rofit assembly or as part of a composite panel assembly. 
Moreover in an aircraft application the use of electrical 
cables means that they can be damaged by lightning 
strikes with consequent reduction in reliability and life of 
the strain gauge assembly. 

There is thus a need for a generally improved strain 
gauge assembly which at least minimises the aforego- 
ing disadvantages inherent in conventional electrical 
strain gauges. 

According to the present invention there is provided 
a fibre optic interferometric strain gauge assembly char- 
acterised by including a sensor element in the form of a 
length of single mode optical fibre whose ends have a 
peak reflectivity not exceeding ten percent, means for 
generating and passing a beam of light with a single lon- 
gitudinal mode into the sensor element where interfer- 
ence takes place in the light reflected between the fibre 
ends, such that a change in length of the sensor element 
resulting from strain thereon produces a change in in- 
tensity of the reflected light, and means for receiving and 
processing the reflected light to establish light intensity 
values at one (1f) and two times (2f) the frequency (f) of 
the light generating source, and to establish from the 
ratio of the intensity values 1f: 2f and direction and mag- 
nitude of the strain on element. 

Preferably the means for generating and passing a 
beam of light into the sensor element includes a semi- 
conductor laser, a non-return isolator for receiving the 
beam of light from the laser and a coupler for receiving 
the light beam from the isolator and passing it into the 
sensor element. 

Conveniently the coupler is operable to split the re- 
ceived light beam into two sub-beams one of which is 
passed directly into the sensor element via a single 
mode optical fibre, and to receive from the sensor ele- 
ment the light reflected from the sensor element 

Advantageously the means for receiving and 
processing the reflected light includes a photodetector 
for receiving the reflected light from the coupler, two 
lockin detectors operable to sample the reflected light 
output from the photodetector, one at a frequency of 1f 
and the other at a frequency of 2f, and demodulate the 
samples at these two frequencies and means for logging 
the demodulated samples and for establishing the in- 
verse tangent of the ratio of the intensity values 1 f : 2f to 



xtract an interferom ter phase to determine the direc- 
tion and magnitude of the strain on the sensor element. 

Preferably the ends of the sensor element fibre are 
coated to provide th internal peak reflectivity not x- 
s ceeding 1 0% and to give a Fabry Perot optical configu- 
ration to the sensor fibre. 

Conveniently the coated ends are provided by a 
coating of titanium dioxide. 

Advantageously the coated ends are separated by 
10 a distance in the range of from 5 to 50mm. 

Alternatively the peak reflectivity not exceeding 
10% within the sensor element is provided by a Bragg 
grating at each end of the sensor element fibre which 
produce in the sensor element a Fabry Perot etalon. 
is Conveniently the assembly includes means for gen- 
erating two ultraviolet laser beams and for shining them 
at oblique angles of incidence to impinge at the same 
position within the sensor element fibre to generate a 
set of interferometric fringes to provide the Bragg grat- 
20 ings. 

Advantageously the means for generating two ul- 
traviolet laser beams includes a phase grating operable 
to provide the two obliquely angled beams from a single 
laser source. 

25 Preferably the assembly includes means for varying 
the pitch of the Bragg gratings along the length of the 
gratings to reduce the Bragg grating peak reflectivity to 
not more than 1 0% and to increase the Bragg grating 
reflectance band width to a range of from 10 to 30 na- 
30 nometers. 

For a better understanding of the present invention, 
and to show how the same may be carried into effect, 
reference will now be made, by way of example, to the 
accompanying drawings in which: 

35 

Figure 1 is a schematic block diagram of a fibre optic 
interferometric strain gauge assembly according to 
a first embodiment of the present invention, 
Figure 2 is a graphical representation of signal level 
40 plotted against sample number for output signals at 
two specific frequencies in the assembly of Figure 
1 as a function of strain applied to a sensor element 
of the assembly, 

Figure 3 is a graphical representation of the two out- 
45 put signals of Figure 2 plotted against each other to 
form a Lissajau figure, and 
Figure 4 is a graphical representation of phase an- 
gle showing the phase angle plotted against the ex- 
tension in thousands of a millimetre of the sensor 
50 element of the assembly of Figure 1 resulting from 
strain applied thereto. 



The strain gauge assembly of the present invention 
is a fibre optic interferometric strain gauge assembly. 
55 Such an assembly according to a first embodiment of 
the invention is shown schematically in Figure 1 of the 
accompanying drawings. This fibre optic strain gauge is 
passive with a dielectric lead out and with a fibre optic 
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connection. As a result it is not sensitive to lightning 
strikes and no power is consumed at a sensor element 
in the assembly. This gives rise to excellent life proper- 
ties and substantially complete resistance to lightning 
strikes and to other sources of interference. 

Thus a fibre optic interferometric strain gauge as- 
sembly of the present invention as shown schematically 
in Figure 1 includes a sensor element 1 in the form of a 
length of single mode optical fibre whose ends 1a and 
1b have a peak reflectivity not exceeding 10%. The as- 
sembly also includes means for generating and passing 
a beam of light with a single longitudinal mode into the 
element 1 where interference takes place in the light re- 
flected between the fibres ends 1a and 1b such that a 
change in length of the sensor element resulting from 
stain thereon produces a change in intensity of the re- 
flected light. Also forming part of the assembly of the 
present invention is means lor receiving and processing 
the reflected light to establish light intensity values at 
one (1f) and two times (2f) the frequency (f) of the light 
generated by the means for generating the beam of light 
and to establish from the ratio of the intensity values If: 
2f the magnitude and direction of the strain on the ele- 
ment 1 . 

The means for generating and passing a beam of 
light into the sensor element 1 includes a light generat- 
ing source 2 preferably in the form of a semiconductor 
laser provided with a current supply drive 2a operable 
provide an injection current to the laser modulated at a 
frequency f which causes the frequency of the laser light 
to be modulated at the frequency f . Also forming part of 
this means are a non-return isolator 3 for receiving the 
beam of light from the laser 2 via an optical fibre 4 and 
a coupler 5 for receiving the light beam from the isolator 
3 and passing it into the sensor element 1 via a further 
length of optical fibre 4. Preferably the optical fibre 4 is 
a single mode fibre into which the light from the laser 2 
is passed having a typical wavelength of 820 nm. Alter- 
natively the optical fibre 4 could be a telecommunication 
grade fibre operable at wavelengths of 1.3 micron and 
1 micron. The laser 2 is required to have a single longi- 
tudinal mode to ensure sufficient coherence length for 
the interference to occur between the ends 1a and 1b 
of the element 1. 

The coupler 5 is a 50/50 coupler which splits the 
light beam in the fibre 4 into two sub-beams one of which 
is passed directly into the sensor element 1 via the sin- 
gle mode optical fibre 4. 

According to one embodiment of the present inven- 
tion the sensor element 1 is in the form of a length of 
optical fibre, typically between 5 and 10 cm in length on 
which the ends la and 1b are coated, such as with tita- 
nium dioxide deposited thereon by sputtering, to provide 
the semitransparent mirror coating having an internal 
peak reflectivity not exceeding 10%. This level of reflec- 
tivity is necessary to give a reflected spectrum of light 
with a sine wave variation and is in essence a Fabry 
Perot etalon with a very low finesse, typically of about 



1 . The semitransparent ends la and 1b of the element 
1 can be formed by coating the full length of the fibre 
with titanium dioxide with a quarter wave layer with a 
high refractive index of 2.3. The coated end la of the 
s element 1 is then carefully fusion spliced to the end of 
the adjoining fibre 4. Conveniently the distance between 
the two ends 1a and 1 b of the element 1 is in the range 
5 to 50mm. 

The coupler 5 is also operable to receive from the 
10 sensor element 1 , the light reflected therefrom and to 
pass this via an optical fibre 6 to a photodetector 7 which 
is preferably a InGaAs PIN FT photodetector/preamp, 
commonly used in telecommunications, with a typical 
transimpedence of 60,000. Such a photodetector forms 
is part of the means for receiving and processing the re- 
flected light. Also forming part of these means are two 
lockin detectors 8a and 8b operable to sample the re- 
flected light output from the photodetector 7. The detec- 
tor 8a detects the amount of reflected light at a frequen- 
cy of 1f and the detector 8b detects the amount of re- 
flected light at a frequency of 21 with both detectors 8a 
and 8b demodulating the samples at these two frequen- 
cies. The frequency 1f is the operating frequency (f) at 
which the laser 2 is driven by the laser drive 2a and this 
is conveniently 10kHz. 

Thus the drive 2a operates at an AC current mod- 
ulation optically 1mA peak at the frequency of 10kHz. 
This gives rise to a frequency modulation of the laser 2 
of about +/-1GHZ which causes a modulation of the in- 
tensity of the reflected light in the element 1 as the re- 
sponse of the sensor element 1 is scanned by the AC 
current. This is due to the interference effect of the 
etalon formed by the element 1 which can occur either 
by varying the wavelength of the laser 2 or by changing 
the length of the fibre of the element 1 . Thus the detector 
8a detects the amount of reflected light of frequency 1f 
which is the same as the drive frequency of the laser 2 
using a frequency reference 9a whilst the detector 8b 
detects the amount of reflected light at the frequency 2f 
which is 20kHz using a frequency reference 9b of 2f. 
The laser drive frequency 1f is used as a reference for 
9a. 

The assembly also includes means 10 for logging 
the demodulated samples received from the detectors 
8a and 8b and for establishing the inverse tangent of the 
ratio of the intensity values 1f:2f to extract an interfer- 
ometer phase at the output 10a from the means 10 to 
determine the direction and magnitude of the strain on 
the element 1 . The amount of reflected light at frequen- 
cies 1 f and 2f varies like a sine and cosine wave respec- 
tively in going through an interference cycle and it is 
therefore feasible to determine where on the fringe pat- 
tern as shown in Figure 2 or Figure 4 the interferometer 
is after the two signals are logged. The output signals 
from the detectors 8a and 8b determine whether the 
phase is rising or falling so that th interferometer is sen- 
sitive to direction. If the length of the interferometer, that 
is of the element 1, changes by a half a wavelength of 
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light which is typically 1 .3 micron, then a complete cycle 
of interference occurs. When a complete fringe has 
been gone through there is a 2n jump in phase so that 
the phase can be continuously tracked through a 
number of complete fringes. 

The theory of the assembly shown in Figure 1 is as 
follows. When interference occurs within the element 1 
and the reflected light is returned to the coupler 5 and 
from thence to the photodetector the light that is passed 
by the coupler towards the laser 2 is trapped in the iso- 
lator 3 so that it does not couple back to the laser 2 and 
affect the laser intensity. 

The current on the laser 2 is modulated at a frequen- 
cy f which is typically 10kHz. If this is correctly chosen 
there is only a very small intensity change but a large 
frequency change of the laser. Typically semi conductor 
lasers scan at 1GHz per mA drive current change. For 
the element 1 the reflected intensity can be shown to be: 



$ = atan ■ 



(2) 



(1) 



1 + Fsin 



where \ is the linewidth of the resonance 

l 0 is the incident intensity, 
v - v 0 is the detuning, and 
F is the finesse of the etalon (typically approximate- 
ly 1) 

The reflected light at the photodetector 7 is sampled 
at 1 f and 2f, and demodulated at these two frequencies 
by the use of two lockin detectors 8a and 8b which in- 
clude low pass filter stages to filter out unwanted fre- 
quency components. The 1f and 2f signals sample the 
first and second derivatives of the signal intensities giv- 
en in equation 1 above. The intensity versus tuning of 
the laser given by equation 1 has a rough cosine func- 
tion with a period given by lambda/(2n), where lambda 
is the wavelength of light and n is the refractive index of 
the fibre. The 1st and 2nd derivatives have sine and co- 
sine responses respectively for low finesses of the ele- 
ment 1 which is set by the low reflectivity of the reflective 
coated ends la and 1b. Thus the output of the two de- 
tectors 8a and 8b can be used for up/down fringe count- 
ing, so that fringe following of the interference can be 
effected. This is shown in Figure 2 which shows the 1f 
and 2f output signals respectively 11 and 12 as a func- 
tion of strain applied to a piezo used to stretch the ele- 
ment, which clearly shows the out of phase nature of the 
two signals. Also shown is the Lissajou figure in Figure 
3, where the 1f is plotted against the 2f for the x and y 
axes respectively. Figure 4 shows the applied voltage 
on the piezo used to stretch the element 1 as the line 
13 plotted over the effective phase of the 1f/2f signals 
shown by the line 14, taken with an arctangent i.e. 



s where I-, is the 1st harmonic, and 

l 2 is the 2nd harmonic 
The strain is extracted as a position on the phase 
line 11 with the direction being also shown by locating 
on the line 11 as the extracted phase angle is propor- 
io tional to the strain. 

This shows that the phase can be- extracted to good 
accuracy (say 5 degrees) which corresponds to 5/360 * 
(lambda/2) nm, where lambda is the wavelength of the 
semiconductor laser light, which is typically 1 .3microns. 
*5 According to an alternative aspect of the present in- 
vention the sensor element 1 is such that the peak re- 
flectivity not exceeding ten percent is provided by a 
Bragg grating at each end la and 1 b to produce a Fabry 
Perot etalon instead of the coated semi transparent end 
20 construction of the element 1 as previously described. 
The advantage of the fibre Bragg gratings is that the 
fibre does not need to be broken to form the gratings. 
The jacket of the fibre is removed, and then ultra violet 
light at about 260nm is shone normal to the fibre axis to 
2S generate fringes within the fibre core that are spaced 
about half a wavelength apart along the axis of the fibre 
element 1 . This is achieved by shining two UV laser 
beams with an oblique angle of incidence to the same 
place within the fibre to generate a set of suitable fring- 
30 es. Other technique involve the use of a phase plate, 
which is a phase grating giving rise to oblique diffracted 
beams from a single laser beam which has the same 
effect as two separate oblique laser beams. 

A fibre Bragg grating requires to be chirped to give 
35 a reflectance bandwidth of about 10-30nm with a peak 
reflectance of 10%. Normally the Bragg gratings have a 
peak reflectance of 90% with a bandwidth of 0. 1 nm. The 
chirping is achieved by varying the grating pitch along 
the length of the grating. A typical length of grating is 
40 2mm, so that one end of the grating will correspond to 
one end of the reflectance and the other end with cor- 
respond to one end of the reflectance and the other end 
will be 10nm away. There are several techniques for 
achieving a chirped grating. One is to use a lens for one 
45 of the two oblique bemas onto the fibre such that there 
is a curvature of the wavef ront, giving interference fring- 
es of varying pitch along the length of the grating. For 
the Bragg grating the peak reflectivity is set at the wave- 
length of the laser 2. The same theory as described in 
so connection with the coated element ends 1 a, 1 b applies 
to the Bragg grating alternative. 

This signal processing technique for a fibre Fabry 
Perot gives direction sensing of the fringes, very accu- 
rate strain extraction to a small fraction of a fringe and 
5s offers high accuracy for extracting the fringe phase. This 
in turn leads to high accuracy for the fibre strain gauge 
assembly down to micro strain accuracy. 

The basic interferometer is not an absolute gauge, 
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in that if the power is switched off in general the partic- 
ular fringe element 1 order will not be known. This can 
be overcome by using a short element 1, so that the 
fringe order is always known and the total movement is 
less than a single tringe over the operating strain range 5 
(+/-0/5%). This is a low cost scheme. 

Claims 

10 

1 . A fibre optic interf erometric strain gauge assembly 
characterised by including a sensor element (1) in 
the form of a length of single mode optical fibre 
whose ends (1a,1 b) have a peak reflectivity not ex- 
ceeding ten percent, means (2) for generating and is 
passing a beam of light with a single longitudinal 
mode into the sensor element (1) where interfer- 
ence takes place in the light reflected between the 
fibre ends (1a, 1b), such that a change in length of 

the sensor element (1 ) resulting from strain thereon 20 
produces a change in intensity of the reflected light, 
and means for receiving and processing the reflect- 
ed light to establish light intensity values at one (tf) 
and two times (2f) the frequency (f ) of the light gen- 
erated by the means (2) for generating the beam of 2$ 
light, and to establish from the ratio of the intensity 
values 1f:2f the direction and magnitude of the 
strain on the element (1). 

2. An assembly according to claim 1, wherein the 30 
means (2) for generating and passing a beam into 

the sensor element (1) includes a light generating 
source (2) in the form of a semiconductor laser, a 
non-return isolator (3) for receiving the beam of light 
from the laser and a coupler (5) for receiving the 35 
light beam from the isolator (3) and passing it into 
the sensor element (1), 

3. An assembly according to claim 2, wherein the cou- 
pler (5) is operable to split the received light beam *o 
into two sub-beams one of which is passed directly 
into the sensor element (1 ) via a single mode optical 
fibre (4), and to receive from the sensor element (1 ) 

the light reflected from the sensor element (1). 

45 

4. An assembly according to claim 3, wherein the 
means for receiving and processing the reflected 
light includes a photodetector (7) for receiving the 
reflected light from the coupler (5) t two lockin de- 
tectors (8a,8b) operable to sample the reflected so 
light output from the photodetector (7), one at a fre- 
quency of if and the other at a frequency of 2f, and 
demodulate the samples at these two frequencies, 
and means (10) for logging the demodulated sam- 
ples and for establishing the inverse tangent of the 55 
ratio of the intensity values lf:2f to extract an inter- 
ferometer phase to determine the direction and 
magnitude of th strain on the sensor element (1 ). 



5. An assembly according to claim 4, wherein the ends 
(1a, 1b) of the sensor element fibre are coated to 
provide the internal peak reflectivity not exceeding 
1 0% and to give a Fabry Perot optical configuration 
to the sensor fibre. 

6. An assembly according to claim 5, wherein the coat- 
ed ends (1a, 1b) are provided by a coating of titani- 
um dioxide. 

7. An assembly according to claim 6, wherein the coat- 
ed ends (la.lb) are separated by a distance in the 
range of from 5 to 50mm. 

8. An assembly according to claim 4, wherein the peak 
reflectivity not exceeding 1 0% within the sensor el- 
ement (1) is provided by a Bragg grating at each 
end of the sensor element fibre which produce in 
the sensor element a Fabry Perot etalon. 

9. An assembly according to claim 8, including means 
for generating two ultraviolet laser beams and for 
shining them at oblique angles of incidence to im- 
pinge at the same position within the sensor ele- 
ment fibre to generate a set of interf erometric fring- 
es to provide the Bragg gratings. 

10. An assembly according to claim 9, wherein the 
means for generating two ultraviolet laser beams in- 
cludes a phase grating operable to provide the two 
obliquely angled beams from a single laser source. 

11. An assembly according to claim 10, including 
means for varying the pitch of the Bragg gratings 
along the length of the gratings to reduce the Bragg 
grating peak reflectivity to not more than 10% and 
to increase the Bragg grating reflectance band 
width to a range of from 10 to 30 nm. 
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